OATAO is an open access repository that collects the work of Toulouse researchers and makes it freely available over the web where possible. This is an author-deposited version published in : http://oatao.univ-toulouse.fr/ Eprints ID : 20251 þ cations gives an inorganicorganic band structure. In both compounds, the cations interact with two different sites of the cluster: a fundamental site formed by four highly nucleophilic terminal oxo ligands, and a second site which is composed of Ot, m2-O and/or m3-O oxygen groups. A remarkable difference between the two compounds is that in compound (2) interactions between the bands involve only Van der Waals forces, whereas in compound (1) the bands interact also through hydrogen bonds.
Introduction
Polyoxometalates (POMs) have attracted great attention in recent years due to their tremendous structural variety and special properties [1e3] , which enable extensive applications in catalysis, medicine, electronics, electrochemistry, … [4e6]. POMs decorated with transition metal organic complexes have become a new class of organiceinorganic hybrid materials [7, 8] . Polyoxometalates, as one kind of significant metal oxide clusters, have been employed as inorganic building blocks for the construction of supramolecular arrays with various organic compounds [9, 10] . The formation mechanism of these compounds, however, is still unknown in the majority of cases. In the literature POMs are most often synthesized under hydrothermal conditions [11e16] , from elementary blocks [MO x ] nÀ (M ¼ Mo, V, W, Ta, Nb), but the method is limited by serendipity [17, 18] . Additionally, in some cases the high temperature required will not retain the structural functionalities of the organic compounds and may be a major drawback during the synthesis.
Octamolybdates (Mo8) are a subclass of the POM family that have been extensively studied due to their diverse structures and interesting properties. To date, nine isomeric forms of octamolybdates have been prepared, namely the a, b, g, d, ε, z, x, h and q isomers [19e21] . These isomers are differentiated by the number of tetrahedral (MoO 4 ), bipyramidal (MoO 5 ) or octahedral (MoO 6 ) units contained in their structures. On the basis of density functional theory calculations, the a-and d-isomers have been predicted to be the most stable and the b-isomer the least stable [22] . A balance between unfavorable steric interactions and favorable atomic interactions can account for the relative isomer stabilities. Steric interactions are important in the b-isomer, due to its more compact structure. This isomer can, however, be stabilized by interaction with organic cations. It was suggested that the b-isomer is preferentially formed in the presence of small cations, such as diethylammonium or trimethylsulfonium [23] , or in the presence of larger cations having a small electrophilic group which can occupy the sites formed by the two groups of four highly nucleophilic terminal oxo ligands of the cluster [24] . 4À through anion-cation interactions.
Experimental section

Materials
Molybdenum trioxide (85%), ammonium heptamolybdate tetrahydrate, malonic acid (100%), succinic acid (98%), dipropylamine (99%) and diisopropylamine (99%) were purchased from SigmaAldrich and used without further purification. Methanol, N, Ndimethylformamide (DMF) and distilled water were used as solvent. (2): similarly to (1) this compound was also obtained from a two-step process. First, ammonium heptamolybdate tetrahydrate (0.78 g, 0.63 mmol), succinic acid (0.15 g, 1.27 mmol) and dipropylamine (0.26 g, 2.54 mmol) in a ratio of 1/ 2:1:2 were dissolved in water. The solution (pH ¼ 4.5) was then stirred for one hour and evaporated in the oven at 60 C to yield a greenish precipitate. In a second step, recrystallization of this greenish precipitate in methanol leads after 5-days slow evaporation at room temperature to pretty greenish crystals suitable for XRD (27.2% yield). were measured on a Rigaku Oxford Diffraction SuperNova diffractometer at 293 K at the MoKa radiation (l ¼ 0.71073 Å). Data collection reduction and multiscan ABSPACK correction were performed with CrysAlisPro (Rigaku Oxford Diffraction). The structure was solved by Patterson method using ShelXT-2015 and refined with SHELXL-2015 [25, 26] . Crystallographic Information files were compiled with Olex2.12 [27] . Crystallographic data are summarized in Table 1 .
Synthesis
Structure determination
Spectroscopic measurements
The IR spectra were recorded with a Vertex 70 spectrometer from Bruker equipped with a Harrick diamond ATR cell, a globar source and a KBr beamsplitter. 256 scans with 4 cm À1 resolution were averaged. The final spectra were corrected from the contributions of H 2 O and CO 2 gases.
The Raman spectra was obtained with an Invia Raman Microscope from Renishaw operating at l ¼ 514 nm. Five spectra obtained with 10s irradiation time and 25 mW laser power were averaged.
TGA measurements
Thermogravimetric analysis (TGA) measurement was carried out with a Setaram Sensys Evo under Ar mass flow rate of 20 sccm, from room temperature to 1000 C with a heating rate of 10 C.min
À1
. These conditions allow to study only the thermal stability under inert gas and not the degradation by reaction at high temperature in an oxidizing medium (in air for example), which would be more complex. The test portion of each product was between 14 and 24 mg. The return to ambient temperature (25 C) from the 1000 C at the end of the analysis was made with a negative temperature ramp of À33 C.min À1 .
Results and discussion
Discussion of synthesis
The compounds (1) and (2) MoO 4 ). The formation of the compound (1) is based on a self-assembly reaction via acid-base polycondensation processes. In addition, since dimethylamine was not listed in the reagent list, the presence of the dimethylammonium cation in the compound could be surprising. Indeed, the dimethylammonium present in the compound comes from transformation of DMF to dimethylamine with release of formic acid. And as soon as the dimethylamine is formed in the medium it protonates to lead to dimethylammonium. The formation of the compound (2) 4À one according to the reported acid-base equilibrium [28] . Malonic acid (compound 1) and succinic acid (compound 2) were used to work in an acidic reaction medium, since the polyoxometalates are usually obtained by acidifying the medium (pH < 7). If the medium is not acidified, mononuclear compounds are usually obtained
Structure description and discussion
In both compounds, the cluster consists of eight distorted 
In spite of the steric hindrance of secondary ammonium groups, two of them remain in interaction with the two groups of highly nucleophilic Ot (O9, O10, O11, O12) of the cluster (Figs. 1 and 2 ). This site of interaction has been suggested previously to be fundamental for the stabilization of the b-isomer [24, 35] . In addition, we observe that secondary ammonium groups are also able to interact with different sites of the cluster, which involve Ot, and m2-O in compound (1) and Ot, m2-O and m3-O oxygen groups in compound (2) (Fig. 3) . Between these two different sites of interaction, it is very difficult to specify the preferred one favoring the formation of the b-isomer.
In our compounds we have more cations in the second type of site (6 in compound (1) and 4 in compound (2) (Fig. 3) ) than in the anion, cations occupy crystallographic sites so as to perform centrosymmetric cation-anion-cation interactions (Figs. 2 and 3) . Moreover, it is these centrosymmetric interactions that allow most of compounds with b-octamolybdate anion to crystallize with a P-1 spacegroup. Indeed, lesser centrosymmetric interactions could lead to anion distortion, or even a break of MeO bonds. This leads to a lowering of symmetry and gives other isomers (for example change from an Oh to a TD or from an Oh to a BPT).
In compound (1), each b-octamolybdate anion connects to two neighbors via two diisopropylammonium cations (Fig. 4a) . These interactions involve two "parallel" hydrogen bonds N1eH1B/O1 (2.919 (4) Å) and N1eH1A$$$O7 (2.942 (4) Å), all involving Ot. This leads to an infinite band. In addition, through the other cation, dimethylammonium, these infinite bands interact through bifurcated hydrogen bonds N2eH2E$$$(O11, O12) (3.099 (5) Å, 3.015 (5) Å) on one side and simple hydrogen bonds N2eH2D$$$O3 (3.211 (5) Å) on the other side leading to an infinite layer structure. Similarly for compound (2), the anions are bridged by two propylammonium ions via simple N1eH1B/O5 (2.886 (6) Å) and bifurcated N1eH1A$$$(O2, O6) (3.281 Å, 3.031 Å) hydrogen bonds, which leads to an infinite band (Fig. 4a) . The two remaining cations interact laterally with the polyanion via simple N2eH2D$$$O11 (2.953 (7) Å) and bifurcated N2eH2C$$$(O9, O12) (2.988 (6) Å, 2.988 Å) hydrogen bonds, which leaves no available hydrogen for further interaction. The 2D structure of both compounds thus consists of infinite bands where anions and cations alternate. The bands of the compound (2) interact with each other only via Van der waals interaction (Fig. 4b) , whereas hydrogen bonds are also involved in the interaction between the bands in compound (1) (Fig. 4a). 
Thermal analyses
The thermal stability of compounds 1 and 2 was determined by TGA. In Fig. 5a is shown the diagram of compound (1). Between 0 and 1000 C the curve indicates a total mass loss of the order of 80% in several stages, reflecting a complex mechanism of degradation of the compound. At the end of the TGA analysis a black solid residue was observed in the crucible. It could be a mixture of MoO 2 as the main phase since it is the most stable phase of the MoeO system with a melting point higher than 2100 C [36] and other byproducts as secondary phases including Mo, Magn eli phases (mixed-valence oxides) or molybdenum carbide. TGA analysis confirms that the compound is anhydrous since up to 250 C there was no loss of mass that could be assimilated to departure of water molecules. A first rapid mass loss of about 20% corresponding to the departure of the four cations, i.e. 4-anion and the cations located in the fundamental site (highly nucleophilic) [24] : (a) compound (1) and (b) compound (2).
Hydrogen atoms are omitted for clarity.
diisopropylammonium one in this compound family. Once released the organic part of the compound (1), the rest of the curve corresponds to the decomposition of the inorganic b-octamolybdate anion. Thus, a second rather slow mass loss of about 7% occurs in the 370e620 C range corresponding to a first degradation of the polyanion with departure of either one MoO 3 entity (9.7% calculated) or three O 2 molecules (6.5% calculated). The first hypothesis for this step, i.e. vaporization of MoO 3 , is supported by the high vapor pressure of MoO 3 that is higher than 10 À2 Torr at 620 C [37] . [36] . The complete degradation of the polyanion occurs in the last step above 820 C by releasing oxygen and MoO 3 molecules and leaving a solid residue probably constituted of MoO 2 that are the most refractory materials of this chemical system and traces of other byproducts as Mo which is thermodynamically stable with MoO 2 [36] and possibly molybdenum carbide due to the presence of organic ligands.
The TGA curve of the compound (2) is given in Fig. 5b . There are similarities in the two curves of Fig. 5 but also some differences. The departure of the organic part is clearly visible at low temperature starting from 220 C to 350 C with a total mass loss of about 25% (25.6% calculated for 4 [Pr 2 NH 2 ] þ ). More precisely two steps occur in this temperature range; from 220 to 275 C with a mass loss of 12% and the second from 275 to 350 C with a mass loss of 13%. Each step corresponds to the same mass loss, which means that each corresponds to the departure of two [Pr 2 NH 2 ] þ perhaps by a concerted mechanism. It is remarkable that [Pr 2 NH 2 ] þ cations leave in the same temperature range as the ammonium cations of the compound (1): 220e350 C and 250e370 C for compounds (2) and (1) respectively.
Then the decomposition of the inorganic polyanion occurs in two stages. From 350 to about 880 C a slow process leads to a mass loss of about 12%, which could correspond mainly to the release of one MoO 3 (9.1% calculated). A slight change in slope occurs around 800 C due to the melting of MoO 3 and thus to a variation in its release rate. Such a decomposition by a release of MoO 3 in this temperature range 350e880 C for compound (2) is likely very similar to that observed in almost the same range 370e820 C for compound (1) , which means it occurs by leaving mixed-valence oxides as Mo 4 O 11 and Mo 8 O 23 which have been reported stable up to 607 C [37] and 775 C [36] , respectively. Beyond 880 C for compound (2) and 820 C for compound (1) a faster and continuous degradation mechanism occurs, which probably leaves essentially MoO 2 as solid residue at 1000 C.
Interestingly, a major difference between compound (1) and (2) is found in their behavior at high temperature. The above analysis suggests that up to about 820 C for compound (1) and 880 C for compound (2) the decomposition mechanism is very similar, with the departure of ammonium cations first, then the first molecules of MoO 3 and O 2 directly from the polyanion with the formation of mixed-valence oxides, which in turn liberate MoO 3 leaving MoO 2 which is stable at very high temperature. The fact that the losses of mass both up to this temperature threshold and at the end of the analysis at 1000 C is 50% and 80% for the compounds (1) and 37% and 50% for the compound (2) indicates a higher thermal stability of the compound (2), which would leave a higher amount of MoO 2 as solid residue at 1000 C. Probably this result can be related to the difference of anion-cation interactions on the level of the fundamental sites of stabilization [24] . In the compound (2) the anioncation interactions involving the fundamental sites (Fig. 2b) being done by simple and bifurcated hydrogen bonds, are much stronger than in the compound (1) where they are done by only a bifurcated hydrogen bond (Fig. 2a) . These strong interactions on the level of fundamental sites (Fig. 2b) tend to increase the symmetry and the stability of the b-octamolybdate in the compound (2) furthering thus its thermal stability. As the polyanion is symmetric with lengths and angles bond well defined, the departure of the cations won't probably modify the architecture and the symmetry of the polyanion owing to the presence of strong MoeO bonds. Unfortunately, at this stage, the amount of solid residue after TGA of both compounds was too small to be analyzed by XRD and to strongly support this discussion.
IR spectra
The mid infrared spectra (Fig. S1, range), the CeH stretching (3000-2700 cm À1 range) and the NeH stretching modes (above 3000 cm À1 ) of the secondary ammonium cations can be observed.
Raman spectra
Raman spectroscopy is an appropriate and highly efficient tool for the identification of POM compounds in particular for the discrimination of the different isomers of octamolybdate anions [40] . Again the 1000-600 cm À1 is the most informative region. The Raman spectrum of compound (1) (Fig. S2 , in Supporting information) exhibits bands at 965, 943, 922 and 893 cm À1 which can be attributed to v(Mo-Ot) vibrations. In contrast to IR spectroscopy, the most intense band at 965 cm À1 corresponds to a symmetric stretching mode. At lower wavenumbers (835 and 804 cm À1 ) are expected the contributions of the v(Mo-O-Mo) modes. The position of these latter bands is consistent with a b-isomer [40] . For compound (2) (Fig. S2 , in Supporting information), the corresponding bands are found at 967, 946, 925, 907 and 838 cm À1 .
Conclusion
Two new octamolybdate-based hybrid compounds have been synthesized by non-hydrothermal conditions at room temperature and structurally characterized. The structures of compounds have been established by single-crystal X-ray diffraction and also characterized by IR spectroscopy, Raman spectroscopy and TG analysis.
The b-octamolybdate structure is stabilized by cation-anion interactions involving the Ot, m2eO and/or m3eO oxygen atoms of the cluster. The compounds exhibit good thermal stability. However, due to the difference of anion-cation interactions on the level of the fundamental sites of stabilization, the polyanion of compound (2) is appreciably more stable than that of compound (1) . Furthermore, we note that the formation of b-octamolybdate is possible with 
